Abstract: Fractional sampling (FS) has been investigated to achieve path diversity with a single antenna in an OFDM system. However, in the FS-OFDM system, it is necessary to oversample a received signal and it leads to large power consumption in a small terminal. To shift the signal processing burdens for FS from a receiver to a transmitter, a precoded transmit path diversity scheme in OFDM has been proposed. It achieves path diversity without oversampling the received signal at the receiver side on time invariant channels. However, it has not taken time variant channels into consideration. On time variant channels, inter-carrier interference (ICI) deteriorates the bit-error-rate (BER) performance. In this study, the precoding for both ICI suppression and path diversity combining at the transmitter side has been proposed. Computer simulation shows that both the conventional scheme and the proposed scheme can achieve transmit path diversity. On a two path Rayleigh fading channel, the BER performance of the proposed scheme is better than that of the conventional scheme by about 1 dB. On ultra wideband (UWB) channels, the performance of the proposed scheme is 7 -10 dB better at BER ¼ 10 22 than that of the conventional scheme. It can achieve ICI suppression and path diversity without any specific signal processing at the receiver. The effect of the ICI suppression is more significant as the number of the multipath is larger.
Introduction
In direct sequence/spread spectrum (DS/SS) or impulse radio (IR) ultra wideband (UWB) communications, a rake receiver has been proposed to resolve multipath components and achieve path diversity [1] [2] [3] . In this scheme, the receiver needs to perform channel estimation and diversity combining etc. These signal processing increases computational complexity in the receiver.
Prerake has been proposed to shift these signal processing tasks from the receiver to a transmitter [4 -8] . It can be combined with the other signal processing schemes such as adaptive modulation [9] . In some circumstances the UWB transmitter has more signal processing capability than the receiver. In this case, the transmitter sends the signal generated by convolution between the transmit symbols and the finite impulse response (FIR) filter whose coefficients are generated through reverse and conjugate operations of the impulse response of the channel known at the transmitter side. The same as the rake scheme, prerake can achieve path diversity without combining at the receiver side. In [5] , a prerake combining scheme is proposed when a pulse interval is smaller than a path interval and the impulse response of the channel is independent and Rayleigh distributed in an IR-UWB system [6, 7] have proposed pre-combining schemes which tackle an interpulse interference (IPI) problem when the pulse interval is longer than the path interval. The precoding scheme on time varying channels has been proposed in [8] . However, it implements multiple antenna elements at the transmitter side and does not achieve path diversity.
On the other hand, in an OFDM system, fractional sampling (FS) has been investigated to achieve path diversity with a single antenna [10 -16] . However, in the FS-OFDM system, it is necessary to oversample a received signal and it leads to large power consumption in a small terminal. Even though sampling rate/point selection schemes have been proposed to reduce the power consumption, they still require oversampling in A/D converters and multiple OFDM demodulation branches [11, 12] . Nishimura et al. [17] has proposed a precoded transmit path diversity scheme in an OFDM system. Nishimura et al. [17] makes use of the impulse response of the channel with the resolution of the FS interval and can achieve path diversity without oversampling the received signal. On time varying channels, however, the precoded transmit path diversity scheme has not been proposed yet. On this channel, inter-channel interference (ICI) deteriorates the bit-error-rate (BER) performance of the system proposed in [17] .
In this paper, the precoding for both ICI suppression and path diversity combining at the transmitter has been proposed. The proposed scheme has designed the precoding matrix in order to minimise mean square error (MSE) of received symbols. While the conventional prerake scheme takes IPI into account in the path correlation matrix and removes it with the precoding coefficients, the proposed scheme includes ICI as well as IPI in the correlation matrix and calculate the coefficients to cancel those interferences. It can achieve ICI suppression and path diversity without any specific signal processing at the receiver.
Under the assumption of slow fading both the forward and reverse links have almost the same impulse response in a time division duplex system [4] . The impulse response of the channel can be estimated at the prerake transmitter based on the postamble signal appended after the data period which is sent from the mobile terminal. Therefore the receiver in the mobile terminal does not need to estimate the impulse response with the cost of data rate consumed by the postamble and still path diversity is realised with a single demodulation branch. Nishimura et al. [17] has evaluated the effect of the channel estimation error because of additive white Gaussian noise (AWGN) during the channel estimation. However, the imperfect channel estimation caused by the channel variation has not been included in the OFDM precoding system. In this paper, the effect of the imperfect channel estimation because of the AWGN and the Doppler spread has been evaluated. Through computer simulation, it is shown that the proposed scheme can still achieve path diversity as well as IPI and ICI suppression although the BER performance is deteriorated by the channel estimation error.
System model

OFDM system
Suppose the information symbol on the kth subcarrier is S[k](k ¼ 0, . . . , N 2 1), the OFDM symbol is then given as
where n(n ¼ 0, 1, . . . , N 2 1) is the time index. A guard interval (GI) is appended before transmission. N GI is the length of the GI.
The baseband signal at the output of the filter is given by
where p(t) is the impulse response of the baseband filter, T s is given as the inverse of the baud rate and NT s is the duration of the OFDM symbol. This signal is upconverted and transmitted through a multipath channel with the impulse response of a physical channel c(t). The received signal after downconversion is given as
where h(t) is the impulse response of the composite channel and is given by h(t) :¼ p(t) w c(t) w p(2t) and w is the convolutional operation. v(t) is the additive Gaussian noise generated at the receiver. For the multipath channel, c(t) and h(t) can be expressed as follows
where
is the deterministic correlation of p(t) and normalised as p 2 (0) ¼ 1. L is the number of multipaths, and a l and t l are the amplitude and delay of the lth path, respectively.
If y(t) is sampled at T s , its polyphase components can be expressed as
are the sampled versions of y(t), h(t), v(t) and expressed as follows
After removing the GI and taking discrete Fourier transform (DFT) at each branch, the received symbols are given by
and v[n], respectively.
Precoding on time invariant channels 2.2.1 Prerake model:
In this section, the existing prerake scheme is applied to the OFDM system [5 -7] . The transmitted prerake signal, x e (t), is given as
Therefore the total impulse response of the channel including the prerake combining is expressed as
With the sampled version of h e (t), h e [n] ¼ h e (nT s ), the frequency response of the channel, H e [k], is given as
By using a multipath coefficient vector, (14) is expressed as
where R[k] is the path correlation matrix of size L × L and its (m, l )th component is expressed as
Then, the received symbols are expressed as
where the sizes of the matrices, A and R, are L × LN and LN × LN, respectively.
Conventional scheme:
The block diagram of the conventional scheme is shown in Fig. 1 . The conventional scheme precodes the information symbols on the kth subcarrier that is expressed as
, is given as the following equation
. . .
The precoded information symbols, S 
The transmitted signal is generated by
Thus, the received symbols are expressed by the following equations Fig. 1 Block diagram of precoding system
By precoding the information symbols, the IPI is removed and path diversity is achieved on time invariant channels [17] .
Precoding on time varying channel
On time varying channels, the received signal is distorted because of ICI as well as IPI. The received signal is expressed as
where h(t, t) is the impulse response of the channel given as
where c(t, t) is the impulse response of the physical channel.
Suppose the multipath channel model as shown in Fig. 2 , c(t, t) is expressed as
where L l , f D , u m and f m are the number of the clutter of the lth delay path, the maximum Doppler frequency, the angle of arrival of the mth clutter and the initial phase of the mth clutter, respectively [18] . In the precoding system, the received symbols are expressed as
In this channel model, the path matrix, A, is expressed as follows
where Df ¼ 1/NT s is the subcarrier spacing. The precoded information vectors with the conventional and proposed schemes, S c 2 and S p , are given as
and they are input to the OFDM modulator and combined as shown in (18) - (21) . In the following subsections, the precoding matrices, W c2 and W p , are designed.
Conventional scheme:
In the conventional scheme, the precoding matrix, W c 2 , is designed to remove the IPI as discussed in Section 2.2.2. Therefore W c 2 is given as
The received symbols are expressed as
Inter -carrier interference (34) According to these equations, the ICI remains in the received signal. In the proposed scheme, the precoding matrix is designed to suppress the effect of the ICI.
Proposed scheme:
As it is described in the previous section, the conventional scheme suppresses the IPI. However, on time varying channels, ICI occurs because of Doppler shift. A larger number of paths are resolved through FS and those paths create more ICI with the conventional scheme as shown in (34). Thus, the proposed scheme includes ICI as well as IPI in the correlation matrix and calculates the coefficients to cancel those interferences. The cost function is given as
Then, W p is designed to minimise the distance between the information symbol vector, S, and the received symbol vector, Y.
from which we can derive the following equation [19] 
The solution of (35) and (40) are explained in Appendices 1 and 2, respectively.
Numerical results
Simulation conditions
Simulation conditions are presented in Table 1 . Modulation parameters are following the MB-OFDM standard [20] . A convolutional code with the coding rate of 1/2 and the constraint length of 7 is used for forward error correction. Quadrature phase shift keying (QPSK) and OFDM are used for the first and second modulations. The number of subcarriers, N, is 128. The data size in an OFDM packet is 32 byte. The OFDM symbol duration is 312.5 ns and the cyclic prefix is 60.61 ns. At the receiver side, soft decision Viterbi decoder is employed. The impulse response of a channel is assumed to be constant during one OFDM packet and known at the transmitter side. The total response of the transmitter and receiver filters is assumed to be truncated sinc pulse with the duration of T s . Assumed channel models are two path Rayleigh fading with uniform delay profile and UWB channel models (CM1-4). Regarding the two path Rayleigh fading model, BER performance is evaluated when the delay between the paths,
CM1 is a line-of-sight channel within a distance between 0 and 4 m. CM2 is a non-line-ofsight (NLOS) channel within a distance between 0 and 4 m. CM3 is a NLOS channel within a distance between 4 and 10 m. CM4 is a dense multipath NLOS channel. For the UWB channel models, 100 impulse responses are generated. It is expected that all the impulse responses are tested. Then, the best 90 BERs are averaged [20, 21] . In this simulation, the normalised Doppler frequency is assumed to be
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. In this simulation, carrier frequency is assumed to be f c ¼ 6 GHz. Suppose the Doppler frequency is f D ¼ 200 Hz, the coherence time is T c 0.423/f D ¼ 2115 ns. Therefore the transmission time smaller than the coherence time [22] . In the figures, 'NORMAL' means the BER curves without diversity combining at either the transmitter or the receiver. 'CONV' is the BER curves of the conventional precoding scheme which is expressed in (12) . 'PRO' indicates the BER curves of the proposed precoding scheme in which the precoded information symbols are generated by (18) . The solid BER curves indicate that channel state information (CSI) is estimated ideally. On the other hand, the dotted curves indicate that the CSI is estimated with a postamble symbol which is appended after the data period. The time difference between the postamble period and the data period is assumed to be (N + N GI )T s . This implies that Fig. 3 Two path Rayleigh fading model instantaneous calculation of the precoding coefficients is assumed.
Simulation results
Two path rayleigh fading model:
The BER performance on the two path Rayleigh fading model is shown in Fig. 3 . The performance of the conventional scheme is improved compared with 'NORMAL'. However, the performance is inferior to that of the proposed scheme, 'PRO'. It is because the performance of the conventional scheme is deteriorated by the ICI expressed in (34). On the other hand, the proposed scheme can achieve ICI suppression and path diversity.
UWB channel models:
Figs. 4 -7 show the BER curves on CM1-4, respectively. As shown in Fig. 3 in the previous section, the BER performance of the proposed scheme is about 1 dB better than that of the conventional scheme on the two path Rayleigh fading channel model. At BER ¼ 10 22 in Figs. 4 -7, compared with the conventional scheme, the performance of the proposed scheme is better by about 7 dB on CM1, 8 dB on CM2, 9 dB on CM3 and more than 10 dB on CM4. It is because that the amount of the ICI induced by the conventional scheme is proportional to the number of multipaths and that the proposed scheme can suppress the ICI which is given as in (34).
The effect of imperfect channel estimation because of noise and Doppler shift is also evaluated in Figs. 4 -7 . From the figures, the BER performance is deteriorated with the both precoding schemes ['CONV (imperfect)' and 'PRO (imperfect)']. As shown in Figs. 4 -7 , the BER degradation of the conventional scheme because of imperfect CSI is worse than that of the proposed scheme. The BER performance of the conventional scheme is almost the same with that of 'NORMAL' BER curves. It indicates that the proposed scheme can achieve the path diversity and ICI suppression while the conventional scheme cannot achieve them anymore.
The BER performance in terms of Doppler shift (F D T B ) is evaluated in Fig. 8 . In this figure, the bit energy per noise spectrum is fixed to E b /N 0 ¼ 12 dB. Fig. 8 shows that the BER performance of the proposed scheme is slightly deteriorated as Doppler spread increases on CM1 and CM4 with imperfect CSI. From the figure, the proposed scheme can still achieve the path diversity and ICI suppression in the practical situation.
Conclusions
In this paper, the precoding scheme for ICI suppression and path diversity in FS-OFDM has been proposed. In the conventional scheme, a precoded transmit path diversity scheme on time invariant channels has been proposed. On time varying channels, however, the precoded transmit path diversity scheme has not been proposed yet. The ICI because of the Doppler spread distorts the received signal in the conventional scheme. The proposed scheme has designed the precoding matrix in order to minimise the MSE of the received symbols to suppress the ICI. The numerical results through computer simulation show that both the proposed scheme and the conventional scheme can achieve path diversity on the time variant channels without oversampling the received signal at the receiver. On the two path Rayleigh fading model, the BER performance of the proposed scheme is better than that of the conventional scheme by about 1 dB at BER ¼ 10
22
. On UWB channels, the performance of the proposed scheme is better by about 7 -10 dB at the BER of 10
22 . The effect of the ICI suppression is more significant as the number of the multipath is larger. It is because the amount of the ICI induced by the conventional scheme is proportional to the number of multipaths and the proposed scheme can suppress the ICI. Therefore the proposed scheme can achieve ICI suppression and path diversity without any specific signal processing at the receiver.
Acknowledgment
This work is supported in part by a grant-in-aid for the Global Centre of Excellence for High-Level Global Cooperation for Leading-Edge Platform on Access Spaces from the Ministry of Education, Culture, Sport, Science, and Technology in Japan and KDDI Foundation.
